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Cooling rate uncovers epimer-dependent supramolecular
organization of carbohydrate amphiphiles
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We show distinct CH-mt interactions and assembly pathways for the amphiphile N-(fluorenylmethoxycarbonyl)-

galactosamine and its epimer N-(fluorenylmethoxycarbonyl)-glucosamine. These differences result in the formation of

supramolecular nanofibrous systems with opposite chirality. Our results showcase the importance of the carbohydrates

structural diversity for their specific biointeractions and the opportunity that their ample interactome offers for synthesis of

versatile and tunable supramolecular (bio)materials.

Introduction

Molecular self-assembly is a ubiquitous process in Nature used
by most living entities for building-up functional structures.> 2 It
has been explored in the development of supramolecular
biomaterials, in which specifically designed synthetic peptide
amphiphiles (PAs) are assembled to generate systems for
different applications, as for example: hydrogel-based
biomaterials;3-> vaccine adjuvants;® 7 drug-delivery systems;® °
among others.1® Recently, carbohydrate amphiphiles (CAs)
emerged as alternative, or complementary, building blocks to
PAs due to their ample supramolecular biointeractome:
because of their intrinsic structure even the simplest
carbohydrate units, i.e. monosaccharides, can display a vast
variety of ligand structures that render their multivalent
interactions specific and selective.l’1* However, our
understanding on the mechanism(s) and the effect of distinct
structural elements on the CAs assembly is still vague. In
particular, to our knowledge, there are no systematic studies
about the effect of carbohydrate stereochemistry on the
morphology, stability, and gelation capacity of the CAs.

Herein, we investigated two of the simplest CAs described
to date, namely N-(fluorenylmethoxycarbonyl)-glucosamine
(Fmoc-GlIcN, 1) and N-(fluorenylmethoxycarbonyl)-
galactosamine (Fmoc-GalN, 2) that assemble into nanofibers
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and gel upon a heating-cooling cycle.’®> 1 and 2 differ by their
stereochemistry at C4 position (Figure 1). Moreover, we also
included N-(fluorenylmethoxycarbonyl)-mannosamine (Fmoc-
ManN, 3) in this study to assess the impact of changing the
spatial orientation of the fluorenylmethoxycarbonyl (Fmoc)
moiety (at the C2 position) in the ability of the CA to assemble
and gel.

Results and discussion
Synthesis of the carbohydrate amphiphiles

We synthesized the stereoisomers 1-3 (Figure 1) by one-step
reaction between the respective glycosylamine and N-
fluorenylmethoxycarbonyl chloride. The structure and purity of
each CA was confirmed by HPLC, FTIR, MS and NMR (Figures S1-
S6).

Fmoc-GalN Fmoc-ManN
OH ,OH
H

A oy

o
OH
H
=
[e)

Fmoc-GlcN

H OH
o)

HO
H%OH
pftoNH D
<

HO N4
HO OH
H TCZ H
3

Figure 1. Chemical structure of the studied carbohydrate amphiphiles N-
(fluorenylmethoxycarbonyl)-glucosamine (Fmoc-GlcN, 1), N-
(fluorenylmethoxycarbonyl)-galactosamine (Fmoc-GalN, 2) and N-

(fluorenylmethoxycarbonyl)-mannosamine (Fmoc-ManN, 3). The arrows indicate the
stereoisomeric position of 2 and 3 in respect to 1.
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Temperature-mediated assembly and gelation

The CAs were dissolved in water upon heating to 363K and then
cooled to room temperature at different rates (slow: 5K/min;
fast: 40K/min) because of the known effect of the cooling rate
on the thermodynamics of the self-assembly process.1¢ Of note,
the stereoisomer 3 was soluble at high temperature, but
precipitated upon cooling. Previous studies with similar
carbohydrate amphiphiles have demonstrated that the
structure of the aromatic portion and the link between this
portion and the carbohydrate can influence the gelation by
altering the hydrophilic/hydrophobic balance.'> 17 Herein, we
add a stereochemical perspective for tailoring the gelation: the
axial position of the hydrophobic Fmoc at C2 in stereoisomer 3
is torsionally strained and crowded, thus, disturbing the
mannose hydration and the intermolecular m-interactions, i.e.
the assembly of stable long-range ordered supramolecular
structures.1®20 The behaviour of 3 is in good agreement with
previous data showing a disruptive effect of axial substituents
in CH-mt stacking.?!

The other two stereoisomers 1 and 2 formed stable
hydrogels at the studied heating-cooling cycles as confirmed by
the inverted vial test (Figure S7), with Young's modulus in the
range of 7-9 kPa (concentration of 12 mM, Figure S8).

Characterization of the assembly process

Fluorescence (FL) spectroscopy revealed contribution of the
Fmoc moiety to the assembly of both CAs (Figure 2A, B): a
drastic reduction of FL intensity upon cooling is indicative of
assembly and gelation, as previously observed for fluorenyl-
based PAs and CAs.1> 22.23 Circular dichroism (CD) spectroscopy
showed an emergence of a characteristic signal at ~304nm (mt-
t* transitions)!” 24 upon cooling (Figure 2C-D), evidencing the
formation of chiral structures by 1 and 2.
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Figure 2. Fluorescence (A, B) and CD (C, D) spectra of the hydrogels assembled from 1 (A,
C) and 2 (B, D) in water (16mM) under two cooling rates (slow: ~5 K/min and fast: ~40

K/min).
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These data agree with a previous studies showing thatithe
assembly of 1 and 2 is driven by différéhtOtoR4c80aTeRt
interactions, such as: n-it stacking of adjacent fluorenyl groups
(T-stacking); H-bonding of the carbohydrate OH groups and the
NH group of the carbamate; and CH-mt interactions.'> 25 26
Hydrophobic CH-mt interactions are crucial for carbohydrate
recognition in biological systems and occur between CH from
the carbohydrate and the aromatic residues of another
molecule (e.g. aromatic amino acids from a protein in
biosystems or Fmoc moieties in the case of 1 and 2).2% 27 These
interactions are driven by weak London dispersion forces and
thus the cooperative presence of three CH groups oriented
towards the planar aromatic regions enhances the binding.?% 2°
Because *H NMR spectroscopy showed predominance of the 8
form (~80%) with a low contribution of the a anomer for 1 and
2 at high temperature (Figure 3A, Figure S6), CH-1t stacking can
occur via only one planar region (C1-C3-C5) in the glucosamine
amphiphile 1, while in the case of 2 there are two possibilities
(C1-C3-C5 and C3-C4-C5) (Figure 3B).27.30
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Figure 3. (A) 'H NMR spectra (T = 353K, 16mM in D,0) of 1 (red) and 2 (blue) showing
the predominance of the # anomers (3~4.4 ppm). (B) Schematic presentation of the CH
planar regions that can participate in CH-mt interactions for stereoisomers 1 (red) and 2
(blue).

Upon fast-cooling, similar CD spectra were observed for 1
and 2 (Figure 2C, D), consistent with an assembly mediated by
the C1-C3-C5 planar region for both amphiphiles. At slow
cooling rate, an additional peak at ~280nm appeared in the CD
spectrum of 1 (but not 2) suggesting an increased complexity of
the assembly process. At these conditions, an inversion of the

This journal is © The Royal Society of Chemistry 20xx
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signals’ polarity (from positive to negative) was observed in the
CD spectrum of 2 (Figure 2D). Such behaviour has been
previously reported for other systems, and is related with
helicity changes of the assembled supramolecular structures.3%
32 Thus, we used scanning electron microscopy (SEM) to observe
the systems generated by the assembly of 1 and 2 and to assess
their helicity (Figure 4).

Figure 4. SEM images of the nanofibers generated from 12mM solutions of 1 (A, C) or 2
(B, D) in water upon a fast (40 K/min; A, B) or slow (5 K/min; C, D) cooling rate. Scale bar
represents 500 nm.

The SEM images confirmed the unidirectional assembly of
both 1 and 2 resulting in the formation of nanofibers that
interact with each other laterally and form fibre bundles. The
bundling challenging to the
morphology/twisting of the individual nanofibers but it was

made visualize
possible to observe the helicity of the bundles themselves.
Upon fast cooling, the assemblies generated by 1 and 2
presented a clockwise helicity (Figure 4A, B). When the cooling
process was slow, we observed bundles with the same helicity
for 1 (Figure 4C) and with opposite, i.e., counterclockwise,
helicity for 2 (Figure 4D). These results are consistent with the
CH planar regions in 1 and 2 (Figure 3B), as well as with the CD
data. Of note, the CD signal accounts all contributions, i.e., the
individual fibres and bundles, and reflects the predominant type
of helicity.

Kinetics of the assembly

Assessing the assembly at different concentrations and
temperatures can give information about the mechanism of the
process.33 The assembly can follow two main mechanisms that
have been proposed for the supramolecular fibre formation:
isodesmic and cooperative.3* 3> The isodesmic process is

This journal is © The Royal Society of Chemistry 20xx
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characterized by an even growth of the fibre: it is defined hy-ane
association constant and a characteristie0- 1REXSEAGIdE]
kinetics. The cooperative assembly, also known as nucleation-
growth, is an extension of the isodesmic model that involves an
additional nucleation step at the beginning of the process. The
nucleation step demands higher energy when compared to the
growth phase,3’ i.e., there is a kinetic barrier at the nucleation
stage that is described by an additional association constant.33
The two steps, nucleation and fibre growth, are distinct in the
experimental aggregation curves and a deviation from the
sigmoidal conversion is observed. In all the cases, a parameter
that is commonly used to characterize the assembly process is
the temperature of elongation (T.), i.e., the temperature at
which the elongation of the supramolecular structures starts.
We recorded the FL spectra of 1 and 2 at different
temperatures using a slow cooling rate (i.e., 5K/min) and the
normalized intensity of the FL signal at ~300nm was plotted as
a function of temperature (Figure 5). The curve obtained for 1
at 8mM presented a steady FL decrease, suggesting an
isodesmic assembly at these conditions. At higher
concentrations of 1 (i.e., 12mM and 16mM), we observed
curves with two regions: a steep decrease between ~338K and
~318K followed by a slower one between ~318K and ~283K
that is compatible with cooperative assembly. Similar type of
nucleation-growth mechanism (i.e., cooperative assembly) was
observed for 2 within the whole range of tested concentrations.
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Figure 5. Normalized fluorescence (FL) of the assemblies of 1 (A) and 2 (B) as a function
of temperature and different concentrations (8, 12 and 16 mM). FL intensities were
recorded at 318 nm.

The T. was determined from the CD spectra at different
temperatures. T, was assessed upon cooling (slow rate) but also
under the heating regime (T¢). In this experimental setup, the
Te is not influenced by the nucleation as in the case of T.. We
used the signal at ~304nm to follow the assembly, and T, (or
Te’) was defined as the temperature at which the signal deviates
from zero in the case of T, or reaches zero in the case of Ty
(examples shown in Figure 6B, C). At the studied conditions, the
two amphiphiles assembled via a cooperative mechanism as
shown by the difference in T, or Te associated with the
nucleation step (Figure 6A). While T, of 1 and 2 were identical
(heating curves, Figure 6A), the T, were significantly different
(cooling curves, Figure 6A), with higher temperatures observed
for 1.

Of note, the assembly of 2 (cooling curve, Figure 6C) exhibits
a profile characteristic for a cooperative mechanism with a
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Journal of Materials ChemistryB

nucleation step, while the observed typical sigmoidal heating
curve is characteristic of an isodesmic mechanism, i.e., without
contribution from a nucleation stage. This observation was
expected as the heating cycle is initiated with the nanofibers
already formed, and there is no nucleation under these
conditions.
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Figure 6. (A) Elongation temperature of the assemblies at different concentrations of the
amphiphiles 1 and 2 during cooling (T.) and heating (T.’) regime determined from the CD
spectra (signal at ~304 nm). (B, C) Intensity of the CD signal at ~304 nm recorded upon
heating and cooling (5 K/min) of 12 mM solutions of 1 (B) and 2 (C) in water.

A closer look at the CD data for the assembly of 1 and 2
during cooling at lower temperatures (e.g., below 295 K, Figure
6B, C) revealed more differences between the assembly of
these amphiphiles. In the case of 2 (Figure 6C), the decrease of
the CD signal during assembly stopped at ~ 295 K and an
increase is observed at the end of the assembly. Such behaviour
has been previously reported for other systems and explained
by the fibres’ bundling and formation of superhelices with
different helicities that revert the overall CD signal.’® 3! This
behaviour was not observed for 1 (see Figure 6B). Altogether,
our data showed that the assembly of 2 is more complex than 1
and can follow different pathways that depend on the cooling
regime, resulting in different supramolecular structures.

Conclusions

We show that carbohydrate stereochemistry can influence the
self-assembly process of CAs via CH-mt interactions. Among the
biomolecules that code and transfer bioinformation (proteins,
nucleic acids and glycans), the carbohydrates have the richest
stereoisomer diversity that can be used to direct different
assembling pathways, affecting the assemblies’ morphological
presentation. Thus, this stereochemical diversity of
carbohydrates offers possibilities for the development of
adaptable and tuneable relevant for
(bio)applications.

systems several
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